Highly non-Gaussian, short-tailed photocurrent distributions due to laser-phase-induced intensity noise have been observed in fiber-optic systems employing distributed-feedback lasers and wideband receivers. This behavior, which has implications for the correct prediction of performance in systems containing intentional or spurious interferometers, results from the cosinusoidal nonlinearity introduced by the interference process. The laser frequency noise is thereby converted to non-Gaussian intensity fluctuations at the system output. The intensitynoise statistics rapidly revert to Gaussian form, however, in systems whose receiver bandwidth is smaller than the laser linewidth.
Interfering multiple optical paths arise in single-mode guided-wave systems in various forms, both intentional and parasitic. Intentionally, they appear, e.g., in fiber-optic interferometric sensors,", 2 in tapped-delayline optical signal processors, 3 and in delayed selfheterodyne and self-homodyne spectrum analyzers. 4 Parasitically, they arise from Fresnel reflections, e.g., at optical-fiber connectors 5 and from interfering paths in coherence-multiplexed sensor arrays. 2 When semiconductor lasers illuminate such multipath systems, source phase fluctuations are interferometrically converted to intensity fluctuations and thus to photocurrent noise, which in turn degrades system performance. 6 -9 While crucial to proper noise analysis, the probability distribution of the photocurrent, first analyzed by Armstrong, 9 has received further attention only recently. 5 "l 0 In this Letter we show experimentally that the probability distribution of the photocurrent in systems dominated by phase-induced intensity noise (PIIN) depends critically on the relative magnitudes of the laser linewidth and the detection-system rf bandwidth. While the distribution is highly nonGaussian in systems whose rf detector bandwidth exceeds the laser linewidth, it approaches normal (Gaussian) form under certain conditions of practical interest. We represent the input optical field emitted by the single-mode laser as Ei,(t) = Eo exp{i[wt + 0(t)]1, where w is a constant and 0(t) is a random process representing the laser-phase fluctuations, so that in semiconductor lasers 0(t) is approximately a zeromean Gaussian process of Wiener-Levy form." We treat the situation that arises in a simple two-path system having a relative propagation delay r so that the field at the system output is Eout(t) = AEin(t -ti) + A 2 Ein(t -t 2 ), where tj and t 2 are the propagation delays through the system's two paths, with It, -t 2 1 = a, and Al and A 2 are polarization vectors determined by the loss and birefringence of the two paths. 8 The photocurrent in such a system, being proportional to the square of the detected field, contains two constant terms in addition to an interference term in which all fluctuations reside. This interference term has the (1) where t0 is a time-independent constant phase and In = 21A, * A 2 I!E 0 12. Clearly, the probability density function of the PIIN PPIIN(Yn) vanishes for lyn > I,.
Armstrong has theoretically evaluated PPIIN(Y.) for the case of an essentially Wiener-Levy process and found its form to depend on the ratio T/Tc, where Tc is the source coherence length. For small values of this ratio (i.e., in the coherent regime), the shape and symmetry of the distribution depend on 00. However, for (2) if Iy~j > In independent of oo. 9 Integrating Eq. (2) yields the cumulative-distribution function (CDF), FPIIN(Yn), whose complement,
if y > In (3) represents the probability that y, exceeds a given threshold y. This complementary CDF is used below to probe the tails of the distribution. and into a two-path, single-mode-fiber system with a path-length difference of 2 km (>>crc -4 m). The output of this system then passed in succession through a fast receiver, a low-pass rf filter, and a multichannel analyzer, which constructed 200,000-sample photocurrent histograms. The loss and birefringence in the two paths were adjusted so that both contributed identical intensities and polarization states to the surface of the detector. The rf spectrum analyzer monitored the laser's delayed self-homodyne se noise [Eq. (2)]. liewit.
with receivers of In the absence of low-pass rf filtering, the fast detection system (3-dB bandwidth B = 1700 MHz) produced the photocurrent histogram shown in Fig. 1 . Good agreement with the theory is evident, with minor discrepancies at the extrema of the distribution due to convolution of the arcsine distribution of Eq. (2) with the small thermal-noise voltage added by the receiver.
(GAUSSIAN STATISTICS)
However, when the receiver bandwidth was reduced to 25 MHz by inserting a low-pass rf filter, the multichannel analyzer generated the unimodal distribution of Fig. 1 , which closely fits a Gaussian form. This reshaping of statistics may be readily understood if one observes that the theory of Eq. (2) is in fact implicitly an infinite-bandwidth theory, since it assumes no filtering of the photocurrent. This is a reasonably good assumption for the broadband, 1700-MHz detec- Histograms are of little help, however, in studying the small tails of PPIIN(Yn) owing to practical limitations on the number of samples that can be collected. Instead, here we describe a novel high-resolution technique, based on the use of an error-rate tester, that enables one to resolve rapidly small portions of the distribution's tail. By closing the switch in Fig. 3 , a noise-free pseudorandom square wave, serving as signal, was added to the zero-mean noise photovoltage. The electrically summed signal plus noise was then low-pass filtered as before and passed to the error-rate tester. If a zero-mean binary square wave of average duty cycle 0.5 is sent'to a threshold-detecting errorrate tester, the resulting error probability will be
where 2y is the peak-to-peak signal amplitude, yn is the noise voltage at the threshold-detector input, and F(-) is the CDF associated with this noise. Equation (4) assumes that the zero-mean noise is characterized by a symmetrical density function, as is the case for incoherent PIIN. In the setup of Fig. 3 , Pe is measured by the error-rate tester and a is measured by a fast rf power meter. The ratio yb was varied by adjusting the rf attenuator. By making measurements at various bit rates between 6 Mbit/sec and 1 Gbit/sec, it was verified that, as expected from theory, the relation between Pe and yba is independent of the bit rate. To minimize data scatter, however, the measurements reported were made at 45 Mbit/sec, at which rate the pattern generator's noise and distortion were particularly low.
Experimental results so obtained are plotted as points in Fig. 2 . The narrow-band (25-MHz) receiver generated 1 -F(y) values that are plotted as squares. These lie close to the Gaussian prediction, indicating that the noise photocurrent in the narrow-band system is indeed approximately Gaussian down to fairly small regions of the distribution's tail. However, the broadband (1700-MHz) receiver generated data that are plotted as circles. As expected, these lie far to the left of the Gaussian statistics, even on the logarithmic plot; at 1 -F(y) = 10-9, the departure from Gaussian predictions is -9 dB. However, the data points are still several decibels away from the curve representing the PIIN theory of Eq. (2). This discrepancy is in fact not due to the remaining rf bandwidth limitations but to the small amount of thermal noise contributed by the receiver. The relative thermal noise power 4 in the system, defined by 4 = 10 log[th
where ath 2 and aPIIN 2 are the thermal noise and PIIN powers, respectively, was measured to be -18.5 dB. By convolving arcsine and Gaussian distributions, using this measured value of t, without recourse to fitting parameters, one can compute the distribution expected from such a sum of PIIN and thermal noise. The resulting curve, labeled t = -18.5 dB in Fig. 2 , passes directly through the data.
In conclusion, we have shown that the distribution of laser-phase-induced intensity noise is of dramatically non-Gaussian form in DFB-laser-based systems whose receiver bandwidth is large compared with the source linewidth. However, the noise statistics revert rapidly to Gaussian form in systems whose receiver bandwidth is smaller than the laser linewidth. Similar averaging effects were observed in systems driven by multimode sources and are expected in those containing numerous optical paths. The noise-distribution properties have been confirmed by histograms and through a simple technique that permits rapid, high-resolution measurement of CDF functions. Extension of these measurements to the coherent regime, where (It0(t -t 1 ) -0(t -t 2 )1) is of the order of xr or smaller, is expected to reveal more features of the 0(t) fluctuations and of the mechanisms responsible for them.
